Abstract. Cellular injury induced by reperfusion after myocardial ischemia is manifested by striking mitochondrial damage as well as other hallmarks such as contraction band necrosis. Calcium has been implicated as a mediator of irreversible cellular injury in several systems. To identify other potential mediators of the mitochondrial injury associated with reperfusion, interactions between inorganic phosphate, oxygen, and mitochondria harvested from rabbit hearts were evaluated in vitro. Mitochondria exhibited rapid inactivation of oxidative phosphorylation after preincubation at 250C when phosphate and oxygen were present. Inactivation was partially but not completely precluded by EDTA, EGTA, magnesium, diltiazem, or ruthenium red, results in concert with findings of others suggesting involvement of a deleterious influx of calcium into mitochondria; exogenous calcium enhanced inactivation. However, the present data indicate that inactivation is prevented by incubation of mitochondria in the absence of oxygen, and demonstrate for the first time that injury elicited by phosphate is dependent on oxygen at physiological concentrations either because calcium and/or phosphate influx is linked to aerobic metabolism or because oxygen exerts deleterious effects on mitochondria, which may render them particularly susceptible to calcium influx. Since intracellular inorganic phosphate concentration increases markedly with ischemia, reperfusion with oxygenated medium may paradoxically augment mitochondrial injury in this setting. Thus, in the presence of increased intracellular concentrations of calcium and phosphate induced by ischemia, subsequent reestablishment of physiological levels of intracellular oxygen tension may Receivedfor publication 1I July 1983 and in revisedform 5 December 1983. promote mitochondrial damage, which is known to increase with reperfusion.
sion after myocardial ischemia is manifested by striking mitochondrial damage as well as other hallmarks such as contraction band necrosis. Calcium has been implicated as a mediator of irreversible cellular injury in several systems. To identify other potential mediators of the mitochondrial injury associated with reperfusion, interactions between inorganic phosphate, oxygen, and mitochondria harvested from rabbit hearts were evaluated in vitro. Mitochondria exhibited rapid inactivation of oxidative phosphorylation after preincubation at 250C when phosphate and oxygen were present. Inactivation was partially but not completely precluded by EDTA, EGTA, magnesium, diltiazem, or ruthenium red, results in concert with findings of others suggesting involvement of a deleterious influx of calcium into mitochondria; exogenous calcium enhanced inactivation. However, the present data indicate that inactivation is prevented by incubation of mitochondria in the absence of oxygen, and demonstrate for the first time that injury elicited by phosphate is dependent on oxygen at physiological concentrations either because calcium and/or phosphate influx is linked to aerobic metabolism or because oxygen exerts deleterious effects on mitochondria, which may render them particularly susceptible to calcium influx. Since intracellular inorganic phosphate concentration increases markedly with ischemia, reperfusion with oxygenated medium may paradoxically augment mitochondrial injury in this setting. Thus, in the presence of increased intracellular concentrations of calcium and phosphate induced by ischemia, subsequent reestablishment of physiological levels of intracellular oxygen tension may Introduction Irreversible myocardial injury induced by ischemia followed by reperfusion is associated with mitochondrial dysfunction and accumulation of dense bodies (1) , events that appear to be mediated in part by calcium (2) (3) (4) (5) . In heart mitochondria, calcium uptake is mediated by a high affinity uniporter sensitive to ruthenium red (6) . Efflux occurs via an electrically neutral Ca++-Na+ exchange sensitive to high concentrations of certain calcium antagonist drugs (7) . Recently, in important studies by Schwartz and his co-workers (8, 9) , diminution of mitochondrial injury in response to inhibition of calcium transport has been demonstrated.
Phosphate has been implicated as an independent mediator of mitochondrial injury because of its ability to induce swelling (10, 1 1) . Recently, dramatic increases in intracellular inorganic phosphate concentrations accompanying myocardial ischemia have been detected by nuclear magnetic resonance (12, 13) . Diltiazem and verapamil, at high concentrations, inhibit phosphate-induced mitochondrial swelling and dysfunction under conditions in which substrates for oxidative phosphorylation are present (9, 14) . Thus, their protective effects on jeopardized myocardium in vivo (15) may be mediated in part by phosphate as well as calcium.
In the course of studying the effects of recently identified fatty acid ethyl esters, myocardial metabolites of ethanol (16, 17) , we found that mitochondrial function could be maintained for prolonged intervals when oxygen was excluded meticulously from incubation media containing inorganic phosphate and isolated mitochondria (18) . These findings are consistent with observations made almost 30 years ago using different end-points and are generally not emphasized ( 19) . Moreover, in numerous studies that use mitochondrial swelling as a criterion of mitochondrial injury, because it is more readily and conveniently measurable than is oxygen consumption, no direct dependency of injury on the presence of oxygen or determination of the concentration dependency of inorganic phosphate per se has been delineated. In view of the potential practical importance of reperfusion injury in the setting of coronary thrombolysis, this study was performed to determine whether specific con-centrations of oxygen may be important in mediating injury induced by inorganic phosphate under conditions simulating mitochondrial exposure to oxygen and phosphate with ischemia and reperfusion in vivo (12) . Results suggest that oxygen at very low intracellular concentrations may be paradoxically instrumental to the development ofmitochondrial injury in this setting.
Methods
Mitochondria were prepared daily from rabbit hearts according to standard methods (20, 21) . Oxidative phosphorylation was assessed with a polarograph Yellow Springs Instrument Co. (Yellow Springs, OH) (18, 21) . Rabbits were killed by cervical dislocation. Hearts were removed immediately and placed in 0.25 M sucrose, 10 mM EDTA, 0.1% BSA, pH 7.4, at 0-40C. After the trimmed ventricles had been washed with homogenizing medium, the tissue was minced finely with a scissors and passed through a precooled, hand-operated muscle press to give a 15% (wt/vol) suspension, which was homogenized in a Potter-Elvehjem apparatus (six strokes). After filtration through cheesecloth, the suspension was centrifuged at 2,500 g for 10 min at 4VC. The fat on the surface of the supernate was removed with a cotton swab, the pellet discarded, and the supernatant fraction centrifuged at 9,000 g for 10 min. The resulting mitochondrial pellet was washed three times with 30 ml of homogenizing medium. The final pellet was collected by centrifugation at 9,000 g for 10 min and gently resuspended in 1 1, mM activation was induced at either high or low oxygen tension by indomethacin (1 mg/ml), diethylcarbamazine (2 mg/ml), catalase (1 mg/ml), or Escherichia coli superoxide dismutase (100 sgf ml), agents selected because oftheir known effects on metabolism dependent on oxygen.
Experiments in which inorganic phosphate was omitted from the standard incubation medium demonstrated nearly complete protection ofmitochondrial function under conditions that otherwise induced complete inactivation after 2 h at 250C. In the presence of 20 mM EDTA and atmospheric oxygen tension, little loss of function occurred when phosphate concentration was <8 mM; 50% loss of function occurred when it was 13 mM; and complete less of function occurred when it was 18 mM (Fig. 2 B) . Much greater extents of inactivation would occur with lower concentrations of EDT or EGTA (see below).
Heart mitochondria were markedly more sensitive to inactivation than were mitochondria from lung, liver, or kidney (Fig. 2 C) . Thus, preincubation of mitochondria from these organs at 370C under identical circumstances in the presence of increasing concentrations ofphosphate, from 0 to 18.75 mM, resulted in a series of inactivation curves. Although heart mitochondria were most sensitive, kidney mitochondria were inactivated rapidly as well with 50% reduction of the rate of state III oxygen consumption occurring at 5.6 and 10.8 mM phosphate, respectively, under these conditions. On the other hand, liver and especially lung mitochondria were remarkably insensitive, with >80% retention of state III oxygen consumption 11.25 [ PHOSPHATE ], mM 22.5 Figure 2 . (A) Effect of high and low concentrations of oxygen on impairment of mitochondrial function under conditions of high and low concentrations of substrate. Incubations were performed as described in the legend to Fig. I except that the oxygen tension in the incubation medium was either 160 (A) or 16 mmHg (-) and pyruvate-malate was added to give the final concentration indicated on the abscissa. After incubation of mitochondria for 2 h at 250C, mitochondrial function was assayed polarographically at 250C as described in Methods. The percentage of inactivation of state III rate of oxygen consumption was determined by assuming zero inactivation was the control rate of state III and 100% inactivation occurred when no oxygen consumption occurred after ADP addition. (B) Dependence of impaired mitochondrial function on the concentration of phosphate. Incubations were performed as described in the legend to Fig. 1 except that the amount of inorganic phosphate in the preincubation suspension was varied as indicated. Percentage of inactivation of state III respiration rates was determined as described in A. (C) Susceptibility of mitochondria from different organs to phosphate-induced inactivation. Mitochondria from rabbit lung, liver, kidney, or heart were incubated at 1-2 mg/ml at 370C for 15 min in 2.0 ml buffer containing 0.25 mg bovine serum albumin, 75 mM Tris-CI, 1.0 mM EDTA, 112.5 mM potassium chloride, and varying amounts of phosphate as shown on the abscissa (added as potassium monohydrogen phosphate). Afterwards, the mixture was centrifugated and assayed polarographically as described in the legend to Fig. 1 rates at 18.75 mM phosphate, the highest concentration tested and one that rapidly inactivates heart mitochondria even in the presence of 20 mM EDTA and 7.5 mM magnesium (See Fig. 4 ).
Phosphate concentration dependence ofmitochondrialfunctional impairment under selected isooxic conditions. Experiments performed at 370C indicated that the process of inactivation was similar in its dependencies to that at 250C but more rapid, with complete inactivation occurring after 15 min at 370C instead of 2 h. Subsequent experiments were performed at 370C for convenience. In addition, the concentration of EDTA was reduced to 1 mM so that effects of calcium would not be precluded.
By varying the oxygen tension in the incubation medium from 0 to 160 mmHg and by performing incubations for 15 min at 370C in media with selected concentrations of phosphate, we obtained a family of mitochondrial inactivation curves (Fig.  3 A) Fig. 3 A) , a series ofcurves is obtained resembling a velocity vs. substrate concentration relationship (not shown). A plot of the oxygen tension at which 50% of that diminution in inhibition occurs provide a hyperbolic curve (Fig.  3 B) . Extrapolation of the apparent Km for oxygen at high concentrations of phosphate provides an apparent Km of -1 mmHg for oxygen in the phosphate-induced inactivation.
Effect ofcalcium chelators and antagonists on mitochondrial inactivation. The concentration of calcium chelators appears to affect the sensitivity of mitochondria to the oxygen-dependent, phosphate-induced effect (19) presumably by interfering with deleterious effects of calcium endogenous to the mitochondria (-5 nmol/mg). However, this dependency is not seen with phosphate-induced swelling (9) . Accordingly, their effects were examined in the present study with respect to mitochondrial respiratory function (Fig. 4) . Decreasing the concentration of EDTA from 20 to 1 mM provided progressively less protection at any given concentration of phosphate under fully aerobic conditions, with 50% inhibition evident at concentrations of phosphate of 5, 2, 0.5, and 0.5 mM for 20, 5, and 1 mM EDTA, or 1 mM EGTA, respectively. Magnesium ion, 7.5 mM, enhanced the protective effect of 20 mM EDTA and shifted the inactivation curve even further to the right. There was also an apparent stimulation of oxygen consumption at lower phosphate concentrations that was reproducibly observed but whose basis remains unexplained.
To assess further the potential calcium dependence of the phosphate-induced, oxygen-dependent inactivation of mitochondria, we prepared mitochondria in either the presence or absence of 1 mM EDTA. Subsequently, the effects of diltiazem, 25 gM, and ruthenium red, 5 gM, were evaluated with mitochondria incubated for 15 min at 370C with 7.5 mM phosphate in either 1 mM or no EDTA. Without diltiazem or ruthenium red, mitochondria exhibited a 95% loss of the rate of state III respiration. Inclusion of either diltiazem, 25 AM, or ruthenium red, 5 uM, in the preincubation medium provided 25-50% protection against inactivation of state III respiration. Thus, calcium appears to contribute to the oxygen-dependent, phosphate-induced inactivation of mitochondria under these conditions although it does not account for it entirely.
Because these experiments were performed in the presence of calcium endogenous to the mitochondria, but influx of calcium from blood and extravascular spaces occurs during ischemia and reperfusion, the potential deleterious effects of exogenously added calcium on the phosphate-induced, oxygendependent inactivation of mitochondrial respiration was characterized. In this case, mitochondria were prepared as described except that EDTA was omitted from the final two centrifugations and from the incubation at 370C. Thus, after 15 min at 370C in the presence of varying and increasing concentrations of phosphate under fully aerobic conditions (Fig. 5) 
Discussion
The results obtained demonstrate that the impairment of oxidative function in isolated mitochondria induced by inorganic phosphate is dependent on oxygen, compatible with results of studies using other end-points such as mitochondrial swelling (19, 24) . The results define a concentration dependence of this phenomenon for both moieties. They also provide insight into conditions needed for prolonged incubations of mitochondria in studies which were otherwise impaired by "aging" and swelling ofmitochondrial preparations, or concerned with configurational changes (25) , ion influxes (9, 14) , and other processes. Aside from these methodological considerations, the data in Fig. 3 A suggest that the oxygen-dependent, phosphate-induced impairment of mitochondrial function may be important in vivo under pathological conditions. Under physiological conditions, intracellular P02 ranges between 2 and 10 mmHg (23) and the prevailing concentration of phosphate is 0.5 mM (12, 13) . However, with ischemia, intracellular concentrations of inorganic phosphate increase markedly, depending on duration and severity of occlusion; they may exceed 5 mM. Thus, paradoxical oxygen toxicity may be striking with reperfusion when the concentration of phosphate is already high. In fact, reperfusion with oxygen-rich media has been shown to be more detrimental than reperfusion with nitrogenated media under some conditions (5) .
The apparent Km for oxygen was found to be -1 mmHg for the impairment of mitochondrial function, a value close to that found by others for oxidative phosphorylation itself. Thus, mitochondrial respiration may be involved in the inactivation process induced by phosphate, just as electron transport has been implicated in phosphate-induced swelling (19, 26 Since intact function is demonstrable in some swollen mitochondria (25) , swelling and impaired respiratory function may therefore be dichotomous. The present analysis of functional end-points indicates a very low apparent Km for oxygen with respect to phosphate-induced inactivation of mitochondria and suggests that substrate oxidation may be involved in the alterations of mitochondrial function that were induced. The lack of protection against this process by indomethacin, diethylcarbamazine, catalase, and superoxide dismutase, agents that inhibit metabolic pathways known to give rise to potentially toxic products of oxygen, tend to support this conclusion or suggest that secondary metabolites of oxygen are generated in compartments not accessible to these agents.
Previous studies have shown that EDTA prevents phosphateinduced inactivation (19) but only one concentration has been used generally; nevertheless, recent results have not been confirmatory (9) . Our results demonstrate that EDTA, EGTA, and magnesium retard but do not entirely prevent inactivation seen with phosphate and oxygen in a concentration-dependent manner. Thus, as suggested by others, calcium endogenous to the mitochondria may be involved in the process or responsible for independent but concomitant deleterious effects (19 (27, 28) and is consistent with the phosphate dependence of mitochondrial functional impairment with an apparent Km for oxygen similar to that for respiration itself. The role of oxygen in phosphate-induced injury may be to provide an election sink to allow transport into the mitochondrial matrix of phosphate and/or calcium, which could therefore be the primary mediators of injury. Oxygen, itself, of course could also play a direct role and its presence is required for the effects of phosphate and/or calcium to occur. The enhancement of inactivation in the presence of exogenous calcium (Fig. 5 ) is therefore consistent with these observations and further supports the hypothesis that during ischemia and reperfusion mitochondrial dysfunction may be enhanced.
The basis for a differential susceptibility of mitochondria from different organs is at present unclear. Studies using nondestructive methods such as 3"P-nuclear magnetic resonance have not been reported with intact lung, liver, or kidney to provide data for intracellular phosphate concentration in these organs. Although the primacy ofcalcium transport over oxidative phosphorylation appears to vary from organ to organ (29) , it is actually less in heart than in liver and does not obviously explain the noted differences in phosphate-induced inactivation.
Variation in yet other factors may be responsible for these differences. For example, activation of various lipases by influx of calcium, substrate specificities of such enzymes, modulation of enzymatic activities by effectors such as palmitoyl carnitine and mitochondrial reparative reserve, as well as others, may all vary among mitochondria from different organs. Oxygen tensions within heart, liver, and kidney may vary somewhat, but the lung may be exposed to excessive concentrations of oxygen during treatment with hyperbaric oxygen and/or artificial ventilation with oxygen-enriched gas mixtures. In this regard, it is noteworthy that one of the earliest morphological signs of hyperbaric oxygen injury is mitochondrial swelling (30) . Although nonspecific in nature, commonality of responses may indicate that the observations reported here may be relevant to oxygenrelated injury in addition to reperfusion of ischemic myocardium.
The present findings suggest that protection ofjeopardized myocardium may be conferred not only by measures favorably modifying calcium transport into or out of mitochondria but also by those directed toward modulating intracellular concentrations of phosphate and its transport. In addition, elucidating and ameliorating the apparently paradoxical, deleterious effects of oxygen on previously ischemic cells may be beneficial. Thus, at least three variables in this system-calcium, phosphate and oxygen-influence the extent ofdysfunction induced. Increases or decreases in the concentration of each may counteract or augment effects associated with increases or decreases in the concentrations of others. Of course, the presence of other compounds such as lysophosphatidylcholine (31) and acyl carnitines (32) and/or lack of substrates such as adenine nucleotides (33, 34) may influence myocardial cell stability and function during and after ischemia as well.
